.
Human cells infected with adenovirus synthesize large amounts of two low-molecular-weight RNAs designated virus-associated (VA) I and II RNAs (32, 41) . The genes coding for these two RNAs map at about 29 .0 map units (m.u.) on the adenovirus physical map and are transcribed by RNA polymerase III (32, 46) . The VA RNAs are about 157 to 162 nucleotides long, and they can fold to form compact stem-loop structures (1) . Portions of VA RNAs are present in the cytoplasm as ribonucleoprotein particles complexed with a host-coded 45,000-dalton phosphoprotein (La antigen) (14, 24, 25) .
The major species, VAI RNA, has been shown to be required for the efficient initiation of translation of viral mRNAs at late times in the productive cycle (38, 43) . The mechanism by which VAI RNA enhances translation appears to be the blocking of activity of a kinase which phosphorylates protein synthesis initiation factor eIF-2 (P1/eIF-2a kinase) (21, 28, 33, 37, 39) . Because phosphorylated eIF-2 is unable to recycle, inhibition or reversal of eIF-2 phosphorylation is necessary for continued protein synthesis.
The adenovirus type 5 (AdS) mutant dl-sub720 (double mutant) synthesizes neither VAI nor VAII RNAs (5, 7) , and human cells infected with this mutant synthesize viral polypeptides at drastically reduced levels at late times after infection (8) . We (6) . Mutant dl-sub720 is VAI-/VAII-(double mutant). Construction of mutants dM704 and dl-sub720 was described in earlier reports (5) (6) (7) Figure 1A shows that the double mutant synthesized viral polypeptides at drastically reduced levels compared with d1704, consistent with our earlier report (8) . The phenotype exhibited by dl-sub720 was similar to that of mutant d1331, a VAI-mutant reported earlier (43) , except that dl-sub720 was much more defective for translation than dl331 (8) . To quantitate more accurately the decrease in viral polypeptide synthesis in these experiments, we immunoprecipitated and quantitated the hexon polypeptide with a monoclonal antibody specific for hexon protein (9) Figure 1C shows that the WT virus (d1704) synthesized viral polypeptides at considerably reduced levels. This result is in agreement with several earlier reports and typical of abortive infection of monkey cells with WT adenovirus (4, 10, 16, 17, 26) . In contrast, viral polypeptide synthesis was nearly undetectable in cells infected with dl-sub720. This was further confirmed by analysis of the hexon polypeptide by immunoprecipitation (Fig. 1D) . Suppression of the translation defect phenotype by SV40. SV40 is known to enhance the expression of adenovirus genes in monkey cells due to the helper function (4, 10, 16, 17, 26) , which is associated with the large T antigen (11, 13, 22) . Therefore, we sought to determine the effect of SV40-encoded products on the translation block developed during adenovirus infection of monkey cells in the absence of VA RNAs. We Figure 2A shows that the double mutant synthesized viral polypeptides at a level comparable to that of our WT control. Immunoprecipitation of hexon polypeptide from these cell lysates showed that the double mutant synthesized hexon protein at a level comparable to that of the WT (Fig. 2B) . These results suggest that SV40 is capable of suppressing the adenovirus VA RNA-specific translation defect in monkey cells by an unknown mechanism.
Determination of steady-state levels of hexon-specific mRNA in infected monkey cells. We therefore determined the steady-state levels of hexonspecific mRNA in CV-lp cells infected with d1704 or the double mutant and also in cells preinfected with WT SV40 before adenovirus infection. Cytoplasmic RNAs were isolated from cells infected with the double mutant and WT controls and subjected to denaturing agarose-formaldehyde gels both with and without selection for the poly(A)+ RNA fraction. The RNAs were then transferred to nitrocellulose filters as described previously (31) . The filters were probed with a nick-translated 3.3-kb DNA fragment specific for the hexon mRNA (50.1 to 59.5 m.u.; HindlIl and BamHI sites, respectively) (Fig. 3) . The level of hexon-specific mRNA found in double-mutantinfected cells was comparable to that of WT controls when analyzed as total cytoplasmic RNA or poly(A)+ selected fraction, even though much less hexon polypeptide was produced in the mutant infections (Fig. 1B) . Similarly, the level of the hexon-specific mRNA in CV-lp cells infected with Ad5 variants and preinfected with SV40 was found to be comparable (Fig. 3A and B) . Note that when the poly(A)+ fraction was analyzed, the RNA was resolved into two species; the slower-migrating band probably corresponds to (43) . In the preinfection experiments, the cells were infected with SV40 for 24 h before adenovirus infection. For coinfection, cells were infected with SV40 and AdS variants at the same time at 10 and 5 PFU/cell, respectively, for 20 h. The RNA samples were analyzed on 1.2% agarose-formaldehyde gels and blot-transferred to nitrocellulose filters as described by Rave et al. (31) . The blots were hybridized to a nick-translated 3.3-kb DNA fragment specific to the hexon mRNA (50.1 to 59. pVI protein (44) . SV40 is known to increase the levels of adenovirus-specific mRNAs in monkey cells due to a helper function provided by SV40 (4, 10, 16, 17, 26) . Interestingly, these experiments did not detect an increase in the level of hexon-specific mRNAs in cells preinfected with SV40. However, in agreement with the published results (3, 13, 19, 22), we did see a two-to threefold increase in the levels of hexon mRNA when the cells were coinfected with SV40 and d704 (Fig. 3C) .
Efficient translation of double-mutant-specific mRNAs isolated from CV-lp cells in cell-free reticulocyte lysates. To confirm that the monkey cells infected with dl-sub720 contained normal levels of intact mRNAs, we examined the translatability of these mRNAs in cell-free reticulocyte lysates. CV-lp cells were infected for 20 h with the double mutant or d1704 with and without preinfection with SV40. Poly(A)+ RNAs were prepared from these cells and translated in cell-free rabbit reticulocyte lysates as described by Pelham and Jackson (29) . The response of dn04-and dlsub720-specific mRNAs with and without SV40 preinfection was essentially identical (Fig. 4) (21, 28, 33, 37, 39) . As in human cells, the VA RNAs appear to affect the efficiency of translation of viral mRNAs in monkey cells. CV-lp cells infected with either WT adenovirus (d1704) or the double mutant (dl-sub720) contained comparable levels of the hexon mRNA. However, the levels of hexon protein were substantially reduced in the mutant-infected cells compared with WT-infected cells. This suggests that the efficient translation of the hexon mRNA in monkey cells requires the VA RNA function. Surprisingly, preinfection of cells wtih SV40 fully restored the translation of hexon mRNA in the absence of the VA RNAs. Levels of hexon protein observed in SV40-preinfected cultures were the same in both WT-and VA mutant-infected cells. No differences were found in the levels of hexon mRNA in WT-and mutant-infected cultures (Fig. 3) , and the mRNAs isolated from mutant-infected cultures were efficiently translated in cell-free reticulocyte RNA was translated in mRNA-dependent reticulocyte lysates (29) with an in vitro translation kit. Under the conditions described by the supplier (New England Nuclear). The in vitro 35S-labeled polypeptides were analyzed in a 20% SDS-polyacrylamide gel as described in the legend to Fig. 1 .
The results of Northern blot hybridization (Fig. 3) and in vitro translation experiment (Fig. 4) together suggest that the monkey cells infected with the double mutant contained translatable mRNAs at levels comparable to those of WT controls. This suggests that the reduced polypeptide synthesis in the double-mutant infections reflected primarily a translation defect.
Absence of double-mutant-specific phenotype in a monkey cell line transformed with SV40. We then asked whether monkey cells synthesizing SV40 large T antigen would allow the translation of adenovirus polypeptides at levels comparable to that in WT-infected cells. If the phenotypic suppression is mediated by SV40 large-T, COS-1 cells, which synthesize SV40 large-T constitutively (15), should be capable of translating adenovirus-specific mRNAs at normal levels without VA RNAs. COS-1 cells were infected with d1704 or dl-sub720 and at 19 h postinfection were labeled with [35S]methinine for 1 h. The labeled cell lysates were analyzed on polyacrylamide gels as described above. The dl-sub720 mRNAs were translated as efficiently as those of the WT controls in COS-1 cells (Fig. 5) . (Fig. 4) . These results clearly indicate that the restoration of viral protein synthesis by SV40 in mutantinfected cultures occurs at the level of translation.
The mechanism by which SV40 overcomes the doublemutant-specific translation defect in monkey cells is not clear. SV40 provides a helper function for productive adenovirus infection in monkey cells, and this helper function is associated with large-T (11, 13, 22) . The biochemistry of this helper function is rather complex and believed to be at least partly due to an increased rate of transcription, reduced premature transcription termination (19) , and proper mRNA processing (22) . No difference was found in the stability of adenoviral mRNAs during abortive and productive infection of monkey cells (19 Recent data suggest that VAI RNA enhances translation by blocking the activation of a kinase (P1/eIF-2a kinase), which phosphorylates the initiation factor eIF-2. The P1/eIF2a kinase is induced by interferon (21, 34, 36, 48) and activated by double-stranded RNA (18, 27) . The function of VA RNAs appears to be to inhibit the activation of interferon-induced Pl/eIF-2a kinase during adenovirus infection (21, 28 (40) , and therefore infection of monkey cells with SV40 may lead to enhanced synthesis of one or more cellular small RNAs which may mimic the VA RNA function. Alternatively, the SV40 large-T antigen is a multifunctional protein and may function directly to prevent phosphorylation of eIF-2 and promote efficient translation or may enhance translation by a mechanism independent of the kinase which is yet to be defined. Several large-T deletion mutants which vary in their biologic properties are available and may be useful in distinguishing between these possibilities. A recently described deletion mutant of large-T (d12459) may be of particular interest in these studies. This mutant has a deletion near the 3' end of large-T and was shown to be replication competent but essential for the productive infection of CV-lp cells (45) . The block in this case appears to be after the onset of viral DNA replication, and reduced levels of SV40 late proteins are observed in the mutant infections (45) . It will be interesting to determine whether this function is associated with translation control of viral mRNAs late after infection.
The data presented in this paper are not sufficient to prove that the phenotypic suppression of the double mutant is due to blocking of the activity of the P1/eIF-2a kinase. However, if this mechanism were operating, then SV40 may have developed its own mechanism to prevent the activation of the P1/eIF-2a kinase, thus serving as a defense mechanism against the action of interferon. If it is true, it is similar to the systems that adenovirus and a few other known viruses have developed to counteract the activation or function of interferon-induced P1/eIF-2a kinase. For example, influenza virus mRNAs are translated efficiently in cells infected with a VAI-mutant (20) . The P1/eIF-2a kinase activation is prevented by a factor in cells infected with vaccinia virus (47) . Mengovirus RNA is reported to inhibit the activation of the kinase (35) . Finally, Epstein-Barr virus encodes two low-molecular-weight RNAs which appear to be functionally similar to the VA RNAs (6, 8) .
